We present phase-conjugate holographic lithography with a hologram recorded by a digital micromirror device (DMD) and a telecentric lens. In our lithography system, a phase-conjugate hologram is applied instead of conventional masks or reticles to form patterns. This method has the advantage of increasing focus range, and it is applicable to the formation of patterns on fairly uneven surfaces. The hologram pattern is dynamically generated by the DMD, and its resolution is mainly determined by the demagnification of the telecentric lens. We experimentally demonstrate that our holographic lithographic system has a large focus range, and it is feasible to make a large-area hologram by stitching each pattern generated by the DMD without a falling off in resolution.
Introduction
Optical lithography has been dedicated to the development and innovation of optical devices as well as electronic devices by providing an appropriate method to scale down the minimum resolution [1] [2] [3] . Holographic lithography is one of the promising optical lithography methods eligible for fast, wide-area lithography, and it is expected to be highly adequate for the patterning of thin films on flat display panels [4] [5] [6] [7] [8] . In an optical lithography system, removing masks by use of the hologram can offer economical benefits because it saves the time and cost involved with fabricating elaborate masks. Spatial light modulators, such as the liquid crystal device and digital micromirror device (DMD), are available to generate the pattern: this kind of technique is usually referred to as maskless lithography [9] [10] [11] [12] .
Recent research on maskless lithography takes various aspects, and the wavefront of coherent light waves is effectively manipulated for application to technically advanced devices [13] [14] [15] [16] . Patterns to be recorded on a hologram material can be easily and efficiently controlled when the DMD is used as a dynamic pattern generator in a holographic lithography system. The adaptation of the DMD in maskless lithography has shown several advantages in previously reported works [17, 18] . Though the DMD is desirable to generate micro-optical fields, the achievable minimum resolution is limited by its finite pixel size. So it is hard to generate the pattern with higher spatial frequency than the sampling frequency inherently given by the limited number of pixels constituting the DMD [19, 20] .
In our system, a telecentric lens is used for demagnifying the images on the DMD and the achievable minimum resolution is decreased in accordance with the demagnification ratio of the telecentric lens. This system realizes phase-conjugation holography with a total internal reflection (TIR) prism [6, [21] [22] [23] .
Hence, the undiffracted term is obviously removed in retrieving the hologram.
The transversal as well as lateral positions of the DMD are variable when a hologram is recorded. Multiplexing is also applicable in recording the hologram. Because the focused position of patterns, where the hologram is reconstructed, is the same as the position that the DMD locates, it is possible to pattern a photosensitive layer on an uneven surface. This advantage is expected to make the holographic lithographic technique applicable to pattern a curved surface. This range of focused positions is referred to as the "focus range" in order to distinguish this expected position from the conventional depth of focus in optics.
This paper is organized as follows: in Section 2, the configuration of our proposed phase-conjugation holographic lithography system is presented and the processes for recording and reconstruction are explained. In Section 3, the characteristics of our lithography system and the detuning tolerance in retrieving the recorded images based on the phaseconjugation readout methodology are described. In Section 4, experimental results are shown, including a minimum-resolution test, imaging characteristics depending on the change of the positions of a pattern, and a stitching test for the application to scan over a large area. Finally, conclusions will be made in Section 5.
Recording and Reconstruction of a Phase-Conjugate Hologram
In our system, the DMD as a spatial light modulator, a telecentric lens, and a TIR prism mainly constitute the lithography system. In this section, the principle of phase-conjugate holography is briefly described and the configuration of our system is presented. By use of the right-angle prism, we make the reference beam and signal beam interfere in the hologram material layer. The recording and retrieving processes are shown in Figs. 1(a) and 1(b), respectively. In Fig. 2(a) , the schematic diagram of our system is depicted. We use the second-harmonic Nd:YAG laser with the wavelength of 532 nm, the beam path of which is split into the reference arm and the signal arm after passing through the beam splitter 1 (BS1). As we use the phase-conjugation readout method, the reference arm is separated into two paths, i.e., the recording-arm path and the retrieving-arm path after passing through BS2.
In the recording process, the signal wave passing through the DMD and the telecentric lens interferes with the reference wave on the recording-arm path, and the desired pattern is transferred by the telecentric lens. On the hologram, the diffracted wave by propagation from the focused plane where the pattern is formed is recorded. In the retrieving process, the signal wave is reconstructed by phase-conjugate holography. The hologram is attached on the glass substrate, and the phase-conjugate reference wave from the retrieving arm is coupled to reconstruct the signal wave.
Our system is designed to make a head unit with the DMD, the telecentric lens, and a charge-coupled device (CCD) movable by the motor-driven three-axis stage. This movable head unit is shown in Fig. 2(b) . Here, the CCD is placed to capture the retrieving images when the phase-conjugation readout is performed, and we can identify whether the hologram is desirably recorded by acquiring the retrieved image from the CCD. In reconstruction of conventional holograms, phase disturbances in the media affect the quality of reconstructed images and lead to image distortion. Unlike this, when the reconstruction scheme adopting a phase-conjugate reference wave is applied, those unwanted disturbances can be compensated, which is identical to the four-wave mixing process in media. Phase-conjugate holography is regarded as a time-reversal process, and it is possible to form an identical pattern by the phase-conjugate reference wave. We use the DMD, manufactured by Texas Instruments, as a pattern generator, the resolution of which is 1024 (horizontal) by 768 (vertical) pixels. It is detached from the commercially available projector (EX 100U, Mitsubishi Corporation). Each mirror on the DMD reflects the incident light with the tilting angle of either 12°or −12°, respectively, corresponding to the on signal and the off signal. The DMD is a passive optical element, so it is necessary to use folding optics to illuminate the DMD. In our system, we adopt a modified TIR prism in front of the DMD device, as shown in Fig. 2 (a).
Characteristics of the Holographic Lithographic System
Generally, the characteristics of an optical lithography system can be simply described by two equations: one is a minimum-resolution equation denoted by k 1 λ=NA, and the other is regarding the depth of focus denoted by k 2 λ=NA 2 , where k 1 , k 2 , λ, and NA are two system-dependent constants, the wavelength, and the numerical aperture, respectively. Similarly, to explain the main features of our proposed phase-conjugate holographic lithography system, we describe the properties of the telecentric lens, the detuning characterization of the recorded hologram, and the minimum resolution of our proposed configuration in this section.
A. Telecentricity of the Optics
In our proposed configuration, a method to generate dynamic patterns by means of demagnification with a telecentric lens is adopted (Edmund Optics), and the demagnification ratio is 0.16. Demagnification with the telecentric lens does not lead to an increase in the information carried by the wavefront. The amount of information is determined by the number of resolvable pixels in the DMD [19, 20] . As long as the generated patterns are placed in the field of depth of the telecentric lens, perspective errors become insignificant. This property is due to the fact that the telecentric lens is designed in order to make the chief rays parallel to the optical axis. However, this property leads to a small telecentricity, which determines tolerances of the tilting angle of the telecentric lens with respect to the optic axis. Therefore, it is important to keep the telecentric lens parallel to the optic axis in our system.
In Fig. 3 , the effect of telecentricity is shown, where the images passing through the telecentric lens are directly captured by the CCD. To show the effect of telecentricity on image formation, the images at two different cases with well-aligned and a slightly tilted optics are shown in Figs. 3(a) and 3(b), respectively. As shown in the figures, telecentricity exceeding the tilting angle of 0:1°imper-fectly transfers the image appearing on the DMD into the hologram plane. Because of the telecentricity, the slight tilt of the optics can make the small aperture of the lens function as a high-pass filter so that the edge line of an image passes through the lens. This characteristic of the telecentric lens is shown in Figs. 3(a) and 3(b) , and the corresponding reconstructed images after recording the hologram in each case are shown in Figs. 3(c) and 3(d).
B. Detuning Characteristic of the Phase-Conjugate Hologram
In our system, we use the phase-conjugation readout configuration. With wave vector analysis under the first-order Born approximation suitable for the analysis of the volume holographic grating formation in the photopolymer layer [24] [25] [26] , detuning tolerances for the wavelength and the angle in retrieving the recorded hologram are estimated. Referring to the schematic diagrams for the recording and retrieving of the hologram in Figs. 1(a) and 1(b) , the corresponding wave vectors in reciprocal space are shown in Figs. 4(a) and 4(b) , respectively. When a hologram is recorded, the relationships among the wave vectors of the grating vector, the recording wave, and the signal wave in the wave vector space are represented asK 1 s −r i ; 1a 
1b wherer i andr o are the wave vectors of the incident reference wave and its reflection wave in the TIR condition, respectively, ands is the wave vector of the signal wave. The wave vector of the grating from the incident reference wave and the signal wave is represented asK 1 , and the wave vector of the grating from the TIR reflected wave and the signal wave is represented asK 2 . For a given wave vectorÃ, the wave vector of its phase conjugate is represented as
Here, the superscript means phase conjugation. Hence, when a hologram is reconstructed in the phase-conjugate condition, the relationships among wave vectors are given bỹ
When a hologram is reconstructed, the mismatches in the wavelength and angle of reference make an effect on the quality of the reconstructed image. Therefore, their tolerances are computed by analyzing the diffraction efficiency under the firstorder Born approximation, and in this computation only the incident reference wave is considered. Figures 4(c) and 4(d) show the wave vector diagrams when the wavelength and the angle of incident reference wave are detuned, respectively. From the wave vector diagrams, we can derive the gaps in the wave vectors for the wavelength detuning and the angle detuning in retrieving the hologram as follows:
where Δλ and Δθ are the wavelength and the angle detuning in retrieving the hologram. λ record and θ i represent the wavelength and incident angle of the reference wave when the hologram is recorded. Taking the correlation properties of the retrieving holograms into consideration, the deviation in wave vector Δk z needs to satisfy
where d is the thickness of the photosensitive material. Hence we obtain from Eqs. (4) and (5):
From the inequalities of Eqs. (7) and (8), the detuning characteristics under the first-order Born approximation are given in our phase-conjugation readout scheme. In our system, photopolymer that is sensitive under the wavelength of 532 nm is used. Its thickness is 20 μm. Therefore, the wavelength and incident angle of the reference beam need to be controlled within tolerances of 1:00 nm and 0:108°, respectively.
C. Resolution Limit of the Proposed Configuration
In a general optical lithography system, the minimum resolution (finest feature) is proportional to the wavelength of the incident light and inversely proportional to the NA. However, in our system, the size of the original image emanating from the DMD is reduced with the demagnification ratio of 0.16 after passing through the telecentric lens. So, the minimum resolution is determined by the elemental pixel size of the DMD and the demagnification ratio of the telecentric lens. The size of each pixel of the DMD and the demagnification ratio of the telecentric lens are 13:68 μm and 0.16. Hence the achievable minimum resolution of our lithography system is approximately 2:2 μm, equivalent to 4:4 μm of one line pair. However, if the size of the DMD and the demagnification ratio of the telecentric lens are further reduced, the minimum resolution will be reduced down to the diffraction limit. The minimum resolution of our proposed configuration is proportional to the size of the unit pixel multiplied by the demagnification ratio of the telecentric lens. The exposure time for recording the hologram depends on the intensity of a light source. The total intensity of light illuminating the DMD was 48:36 mW, and it took 20 s to record. Therefore, the exposure rate in terms of area per second is about 0:19 mm 2 =s. This value is quite small, but there is room to increase it by increasing the intensity of the light source and by replacing the material with more sensitive photopolymer.
Features of the System and Experimental Results
To experimentally verify our proposed method and show the features of our system at the same time, we conducted three experiments. The first one is to test the focus range retrieved by the hologram plane where the position of the focused plane is determined by the position of the movable head unit. This experiment was done to show that our system can form patterns on a rough and uneven surface. The second experiment is to test the achievable minimum resolution, which is discussed in Subsection 3.C. The third experiment is to test the stitching method between adjacent or neighboring holograms to demonstrate the feasibility of the applications for scanning over a large area.
A. Focus Range of the System
The term "focus range" needs to be distinguished from "depth-of-focus." The depth-of-focus of our system is only several tens of micrometers because the resolution is given as a function of the NA. But the range that the hologram can form focused images is different and independent of the NA of a telecentric lens. The position in which the focused image is formed is determined by the position of the DMD when the hologram is recorded.
To examine the focus range of our system, we recorded holograms with different positions of the head unit along the propagation direction of the signal wave, i.e., the longitudinal direction of the telecentric lens, and the schematic diagram for this experiment is shown in Fig. 5(a) . The image on the focal plane directly captured by the CCD is shown in Fig. 6(a) . By moving the head unit along the longitudinal direction [z axis direction in Fig. 5(b) ] with a separation distance of 100 μm between neighboring holograms, we have 50 holograms recorded at different spots of the photosensitive layer. The experimental results are shown in Figs. 6(b) through 6(d). As shown in these figures, the whole distance of the longitudinal movement is 5000 μm, and we see the reconstructed image keeps good quality within the distance of 2500 μm away from the center of the focus range. Figure 6 (c) shows the retrieved image when the head unit is located at the best position from the photosensitive material. Considering the experimental results, we can observe that it is possible to guarantee enough distance between the focal plane of the telecentric lens and the recording material as long as the telecentric lens is well aligned along the optical axis. Hence, it is shown that our system has a large focus range. Even when uneven roughness on the substrate exists, our proposed system can effectively form the pattern on the surface within the above-mentioned range.
B. Minimum-Resolution Test
The test target image for the minimum-resolution test is shown in Fig. 7(a) , and it has two position indication lines and four different thicknesses of the horizontal line pairs at a pitch of 1-, 2-, 4-, and 8-pixel gaps. Each position indication line is located 100 pixels away from the left and right ends so we can utilize it to identify the minimum resolution as well as the stitching test. After recording the hologram, the reconstructed pattern was captured by the CCD. The minimum-resolution feature made of a line pair with 1-pixel width is distinguishable, which is the upper right part of the retrieved pattern, as shown in Fig. 7(b) .
C. Stitching of the Patterns
To verify the feasibility of the application of our system to scan over a large area, it is necessary to do experiments on the stitching of the patterns from adjacent holograms. We used the test image of the minimum resolution as shown in Fig. 7(c) . Three consecutive patterns are recorded along the horizontal direction [y-axis direction in Fig. 5(b) ] by moving the head unit stage with the separation distance of 1:47 mm, which corresponds to the horizontal size of the test image with 350 pixels overwrapping. We reconstructed the hologram, and the results are shown in Figs. 7(d) through 7(f), and we observed the well-stitched patterns from the adjacent holograms. Figures 7(d) and 7(e) , respectively, show the patterns from the first and second holograms and from the second and third holograms. The seam in the stitching looks faint by controlling the exposure time when the lines with 1 pixel width are formed, as shown in Fig. 7(f) . The stitching process takes a lot of time, which needs to be resolved to satisfy high throughput. However, after one hologram is recorded, we expect that additional holograms may be recorded by copying a previously made hologram with the help of the holographic method. Even though this process is not well established yet, a master hologram can be made from the hologram that is recorded by a DMD, and the master hologram is applied for recording a copy of the hologram.
Degradation of the reconstructed images happens even when the optics is well aligned and the pattern is formed within the focus range. This degradation is mainly caused by the speckle and NA of the telecentric lens. Two optical properties can be improved by using a lens with a large NA. The increase of the NA leads to an increase of the minimum resolution, but it reduces the depth of focus. However, to record higher spatial frequencies on the hologram, the large area on the hologram is necessary. It may result in an increase in the number of multiplexed signals at a given position. Therefore, we need to design a proper NA depending on the application. Generally, the degradation of an image in holography is regarded as an inevitable phenomenon when compared with the quality of an image given by conventional imaging optics. However, there is an advantage in holographic lithography in forming a pattern on an uneven surface due to its large focus range. Therefore, we think this technique still deserves to be studied.
Conclusions
In this paper, we proposed a phase-conjugate holographic lithography system utilizing the DMD and telecentric lens. Through analysis of the wave vector diagram, we provided the tolerance of the angle and the wavelength when retrieving the hologram. By adopting the phase-conjugation method on the TIR hologram, the recorded pattern is reconstructed without an unexpected undiffracted term, and this pattern is captured by the CCD mounted on the movable head unit. With this system, the finest feature in the retrieved pattern is demonstrated around 4:4 μm and each pattern can be stitched by transverse scanning of the head unit. The ability of the pattern to focus on differently located planes, that is to say, a "focus range," is guaranteed within the range of 5000 μm. Even though the unwanted degradation of the reconstructed images is mainly caused by the intrinsic property of holography, the phaseconjugate holographic lithography method is expected to be applicable to specified applications such as patterning thin films coated on a flat display panel and patterning a curved surface of printed circuit boards. 
